Overweight and obesity is one of the risk factors for developing CVD. At present, very little is known about the acute effects of dietary fibre on lipids, glucose and insulin, resting energy expenditure and diet-induced thermogenesis in overweight and obese individuals. This study examined the postprandial metabolic effects of dietary fibre in overweight and obese men. Ten overweight and obese men consumed a mixed meal accompanied by either a high-fibre or low-fibre supplement on two separate visits, in a random order, 1 week apart. Two isoenergetic breakfast meals with similar composition were consumed by ten overweight/obese men. The meals contained either a low (3 g) or high (15 g) amount of fibre, low-fibre meal (LFM) and high-fibre meal (HFM) respectively. Analysis was carried out using paired t test and ANOVA. Serum TAG incremental area under the curve during 6 h of the postprandial period was significantly lower after the consumption of HFM compared with LFM. At the first hour of the postprandial period, plasma apo B48 concentration after consumption of HFM was significantly lower compared with LFM. The resting energy expenditure and diet-induced thermogenesis after both meals was similar during 6 h of the postprandial period. Collectively, these findings suggest that a single acute dose of dietary fibre in the form of psyllium supplement can decrease arterial exposure to TAG and modify chylomicron responses in the postprandial period.
Overweight and obesity is one of the important risk factors in the development of CVD. Atherosclerosis is the main cause of CVD. Several lipoprotein types probably contribute to the initiation of atherosclerosis, including LDL and chylomicron remnants (CMR) (1, 2) . Under normal conditions, CMR are rapidly cleared from plasma predominantly via the LDLreceptor during the postprandial period. However, in the case of obesity, increased production and/or impaired clearance of these particles results in elevated plasma levels of postprandial chylomicrons and CMR (3) . Studies have also identified apo B48 as a marker of chylomicrons and CMR in femoral and carotid biopsies of human atherosclerotic plaque (4 -6) . Furthermore, studies have shown an increase in plasma CMR in subjects with or at risk of atherosclerosis (7, 8) . As postprandial dyslipidaemia is an independent risk factor for atherosclerosis and CVD (8 -11) , this phenomenon may be an additional cause of rapid progress of atherosclerosis among overweight and obese individuals.
Epidemiological studies have demonstrated that the prevalence of obesity is lower in populations that consume high-fibre diets compared with populations that consume low-fibre diets (12 -14) . Similarly, within population groups, individuals with a higher fibre intake tend to be leaner than individuals with a lower fibre intake and case-control studies have documented that obese individuals typically consume less fibre than normal-weight individuals (14 -16) . The main rationale for the effect of dietary fibre in weight control is based on the findings that dietary fibre may reduce food energy density and increase the satiating effect of a meal. However, an increase in the amount of dietary fibre in the diet may also influence resting energy expenditure (REE) and substrate utilisation due to altered postprandial lipid, glucose and insulin metabolism. Although the effect of dietary fibre on daily energy metabolism may be important in long-term weight control, this area has attracted little attention, especially in the overweight and obese (17, 18) . Dietary fibre is a collective term for a variety of plant substances that are resistant to digestion by human gastrointestinal enzymes (13, 19) . Psyllium husk fibre (PSY) is a viscous, mostly water-soluble fibre and has been shown to be an effective supplement in adjunct to dietary intervention to control blood cholesterol and glucose levels (20) . Most studies examining the effects of dietary fibre on postprandial lipaemia have been performed in healthy subjects and the results of studies examining the effect of different fibre types on postprandial lipid responses are variable (21) . Studies demonstrating the beneficial effects of psyllium on hypercholesterolaemia have been done on hypercholesterolaemic or diabetic subjects. However, there is no information available on the effect of PSY on the postprandial blood TAG and chylomicron responses in overweight and obese individuals. Therefore, the aim of the present study was to investigate the effect of PSY on postprandial blood biochemistry and dietinduced thermogenesis (DIT) in overweight and obese individuals.
Experimental methods

Subjects
Twelve overweight/obese male subjects, between the ages of 30 and 72 years, were recruited from the community. Subjects were screened for BMI . 25 kg/m 2 and waist circumference of $ 102 cm. Exclusion criteria included smoking, lipid-lowering medication, use of medications that may influence lipid metabolism, such as steroids, warfarin, hypothyroidism, consumption of more than two standard alcoholic drinks per d, diabetes mellitus, cardiovascular events within the last 6 months, major systemic diseases, gastrointestinal and gallbladder surgery, liver and renal diseases. The protocol was reviewed and approved by the Ethics Committee of Curtin University.
Experimental protocol
The present study was a randomised crossover design, which examined the effects of a dietary fibre supplement on postprandial lipaemia, glycaemia and insulin response after a high-or low-fibre standard meal ( Table 1) . The study included two separate intervention days, each proceeded by 1 week wash-out period. During the wash-out period subjects were required to follow their normal dietary habits and complete a food diary of their usual dietary intake 3 d before each intervention. Throughout the study period, subjects were asked to maintain their normal diet and refrain from vigorous physical activity. Subjects were supplied with a standard frozen meal to be consumed the night before intervention. On the test day, subjects arrived at Curtin University at 07.00 hours by car (to minimise physical activity) and after a 10 -12 h fast. After subjects voided and were weighed, they rested in a supine position on a bed for 30 min. Fasting blood samples were collected into EDTA vacutainer tubes, via an indwelling catheter into the antecubital vein. The test meal was then administered and blood samples were taken thereafter at hourly intervals for 4 h and then every 2 h for 6 h.
Test meal
The two test meals were identical except for their fibre content. The high-fibre meal (HFM) had 12 g additional fibre in the form of psyllium husk supplement, which was consumed with 250 ml water just before eating the test meal. The subjects consumed the same amount of water plus 5 g crushed instant rice instead of psyllium, as a placebo supplement, before eating the test meal on the other session. The composition of the standard meals is shown in Table 1 .
Energy expenditure
Energy expenditure was measured by indirect calorimetry using the Vmax-29 metabolic monitor (Sensor Medics) and open-circuit ventilated canopy measurement system. The measurement was conducted under standardised conditions with subjects lying (1) at complete physical rest; (2) in a thermally neutral environment; (3) with a minimum of 8 h of sleep; (4) awake and emotionally undisturbed; (5) without disease and fever. The measurements were taken based on the timetable explained earlier.
The Vmax-29 (Sensor Medics) was calibrated on the morning of each experimental day using a two-point calibration based on two separate mixtures of known gas content. Flow calibrations were achieved using a calibrated 3 litre syringe as directed in the manufacturer's instructions. Flow rate on each measurement day was set at 45 litres/min. On the morning of each experimental day, the instruments were re-calibrated for flow and the analysers for drift 2 h before consumption of the test meal. Performance of the instrument was also checked at regular intervals during the study period by monitoring the CO 2 produced and O 2 consumed for 30 min ethanol burns (22) .
Hunger and satiety rating
The subjects recorded their hunger feeling, fullness, desire to eat and prospective food consumption on a 100 mm visual analogue scale, without partition, at the left end 'not at all' and at the other end 'very much'. Visual analogue scale scores were recorded immediately before and every hour after the meal for 6 h (17, 23) .
Laboratory analysis
Blood samples were centrifuged at approximately 2500 g at 48C for 10 min and plasma was collected for determination of apo B48, plasma total cholesterol, HDL-cholesterol, TAG, insulin and glucose. Samples that were not immediately analysed were stored at 2 808C for later analysis. Plasma TAG and total cholesterol were measured by enzymatic colorimetric kits (TRACE Scientific Ltd, Melbourne, Australia). Plasma HDL-cholesterol was measured after precipitation of apo B-containing lipoproteins with phosphotungstic acid and MgCl 2 ; the supernatant containing the HDL-cholesterol was determined by enzymatic colorimetry (TRACE Scientific Ltd). Plasma LDL-cholesterol was determined by using a modified version of the Friedewald equation. Apo B48 was quantified using a Western blotting/chemiluminescence procedure. Briefly, apolipoproteins were separated by SDS-PAGE using a Novex Mini-cell Electrophoresis system (Novex, San Diego, USA) with precast NUPAGE 3-8 % trisacetate gels according to the manufacturer's instructions. After electrophoresis, separated lipoproteins were transferred to a polyvinylidene fluoride membrane (0·45 mm; Immobilon Pe; Milipore Corporation, Bedford, MA, USA). Apo B48 bands were identified and visualised using an antibody to apo B (DAKO A/S, Glostrup, Denmark) and subsequently anti-rabbit IgG antibody (HRP conjugated; Amersham Pharmacia Biotech, Amersham, UK) using enhanced chemiluminescence. Densitometric scanning of apo B48 bands and standardisation to known apo B48 protein mass allowed quantification of the protein. The mean intra-and inter-assay CV for apo B48 were each , 4 %.
Plasma insulin was measured by an ELISA kit (Dako Diagnostic, Japan). The homeostasis model assessment score was used as a surrogate estimate of the state of insulin sensitivity by multiplying fasting insulin concentration (mIU/l) with fasting glucose concentration (mmol/l) and dividing by 22·5.
Statistical analysis
All results are given as means with their standard errors of the mean. Data were analysed for normality and responses to the two test meals were compared by ANOVA for repeated, paired measurement with time, diet and subjects as factors. Where the factors or the interactions were statistically significant (P, 0·05), a least significant difference test was used to determine whether the value at a given time and dietary treatment differed from 0 h (a significant postprandial response). Moreover, a paired t test was used to determine significant differences between dietary treatments at a given time point. Incremental area under the curve (IAUC) was calculated for each measurement as the integrated area of the response and adjusted based on the baseline values. A paired t test was used in the comparisons between two means. Statistical analysis was done using SPSS for windows (SPSS Inc., Chicago, IL, USA).
Results
Subject characteristics
Twelve subjects were initially recruited to the present study, with ten subjects completing the study. As assessed by their food records and subject interviews, subjects' diet and exercise habits were stable during the experimental period. The mean and range of clinical characteristics of subjects are shown in Table 2 . Table 3 shows the mean 3 d dietary intake of subjects prior to each visit. There were no significant differences in energy, fibre and macronutrient intake, and no correlations were found between nutrient intake and lipid, lipoprotein and glucose postprandial responses.
Nutritional assessment
Postprandial lipids
As shown in Fig. 1 , blood TAG concentration increased following consumption of both a HFM and low-fibre meal (LFM). A peak in postprandial TAG concentrations was observed at 4 h for both meals. The blood TAG concentration was lower in the first and fourth hour following the HFM in comparison with the LFM (1·17 (SEM 0·03) compared with 1·32 (SEM 0·06) mmol/l at the first hour, 1·54 (SEM 0·08) compared with 1·75 (SEM 0·06) mmol/l at the fourth hour respectively). There was no significant difference in dietary intake at the start and finish of the intervention. * For details of subjects and procedures, see Experimental methods.
Moreover, consumption of the HFM produced a significant delay in the initial postprandial TAG response between 0 and 1 h relative to the LFM. The IAUC of TAG was significantly 21 % lower following consumption of the HFM compared with the LFM within the 6 h studied. There was no change in total, LDL-or HDL-cholesterol following consumption of both meals during the 6 h postprandial period. The baseline and IAUC values of lipids are shown in Table 4 .
Postprandial apo B48 levels
Apo B48 is an indicator of chylomicron and CMR metabolism and was used to monitor postprandial chylomicron/CMR changes. The plasma apo B48 concentration increased after consumption of both meals and reached the peak within 4 h. As shown in Fig. 2 , plasma apo B48 concentration was significantly lower after consumption of a HFM compared with a LFM at the first hour (10·04 (SEM 0·07) compared with 11·15 (SEM 0·04) mg/l respectively). The baseline and IAUC values of apo B48 are shown in Table 4 .
Postprandial insulin and glucose levels
Plasma glucose increased following consumption of both meals and postprandial glucose excursions were complete within 2-4 h. Consumption of a HFM did not significantly affect the area under the curve and plasma concentrations for glucose and insulin compared with LFM within the 6 h studied. Therefore, consumption of a HFM did not improve glycaemic and insulinaemic responses in overweight/obese individuals who had some degree of insulin resistance. The baseline and IAUC values of glucose and insulin are shown in Table 4 .
Hunger and satiety
There was no difference in the 6 h rating for hungry, satiety, desire to eat and prospective food consumption between the two tests (Fig. 3 ).
Resting energy expenditure and respiratory quotient
There were no significant differences in REE and RQ baseline values within the two sessions. REE increased significantly following both meals and returned to baseline within 6 h. However, there was no difference in REE total area under the curve and DIT between meals during the 6 h postprandial period. The RQ levels were significantly lower after consumption of the HFM during the first 2 h compared with the LFM (0·91 (SEM 0·03) compared with 0·96 (SEM 0·06) nmol/l at the first hour and 0·90 (SEM 0·04) compared with 0·95 (SEM 0·08) nmol/l at the second hour respectively). RQ IAUC was not different during the postprandial period between the HFM and LFM. The baseline and postprandial values of REE, RQ and DIT are shown in Table 5 .
Discussion
The postprandial state directly reflects the process of digestion-assimilation of lipid and nutrients to which we are exposed most of the day. This state is characterised by rapid changes in blood TAG and chylomicron levels. The findings of the present study showed that a single dose of PSY supplementation was sufficient to decrease postprandial lipaemia and delay chylomicron production/secretion as measured by IAUC for TAG and apo B48 concentrations respectively. Potential mechanisms by which psyllium may reduce fat digestion and absorption have been explained by Lairon and colleagues (14, 24) . Dietary fibre can change the postprandial responses by delaying gastric emptying and, thus, may also alter absorption of nutrients. Several studies have investigated 0·12  5·76  0·18  0·982  10·88  0·65  11·92  0·84  0·334  Insulin (mIU/ml)  7·68  1·18  7·38  1·10  0·885  62·57  15·77  67·73  14·43  0·855 HFM, high-fibre meal; LFM, low-fibre meal. * For details of subjects and procedures, see Experimental methods. the effect of dietary fibre in gastric emptying of different meals (23,25 -27) and shown that soluble dietary fibre could delay the gastric emptying of the liquid phase (water, energy-containing liquids such as glucose or amino acids solutions), but a specific effect on the solid phase, which contains lipids, has not been reported (28) . It has been suggested that some dietary fibres can alter pancreatic lipase activity. Lairon et al. (29) demonstrated that when pancreatic lipase is mixed with high-fibre gastric contents and bile in the duodenum, some entrapment of pancreatic lipase occurs; it was reported in in vitro conditions mimicking the physiological conditions. In gastric conditions, soluble fibres that produced sufficient viscosity in solution significantly lower the extent of lipid emulsification and, consequently, reduced the extent of TAG hydrolysis catalysed by gastric lipase. In duodenal conditions, the extent of emulsification was negatively correlated to the viscosity of fibre (21, 30, 31) . Thus, these findings indicate that reducing emulsification of dietary lipids in the stomach and the duodenum is a mechanism by which soluble viscous fibres can alter lipid assimilation. Moreover, viscous fibres may increase the thickness of the unstirred water layer, which can also decrease nutrient absorption rate (32) . These effects likely explain the reduced rates of diffusion and absorption of lipids as examined in acute studies in the presence of highly viscous fibres (33) . Indeed, a few postprandial studies investigated the acute effects of dietary fibre on postprandial lipidaemia in healthy subjects. In one study, adding 10 g wheat fibre significantly (2 20 %) reduced the TAG area under the curve postprandially (34) . In another study, adding 10 g oat bran to a test meal led to a 37 % reduction of postprandial TAG responses (35) . The results of the current study show that psyllium husk can decrease TAG concentration and modify chylomicron responses in circulation postprandially, probably by altering lipid processing and reducing the rates of diffusion and absorption of lipids (28) . Postprandial glucose and insulin response after consumption of a HFM was not significantly different compared with a LFM and there was only a delayed peak of plasma glucose level after consumption of the HFM compared with the LFM (data not shown). Previous studies have demonstrated that dietary fibre consumption, including psyllium, is associated with improved postprandial glucose response and insulin resistance (36, 37) . However, these effects are predominantly observed in type II diabetics and with chronic consumption of psyllium. Other studies show variable effects of psyllium on blood glucose responses in normal and diabetic subjects (38 -41) . The inconsistent results may be attributed to how psyllium is administrated and partly to the physical properties of the psyllium. Wolver showed that when psyllium was consumed in the form of a supplement it did not reduce plasma glucose levels in the postprandial phase and mixing the fibre with the meal may be necessary to modify the postprandial glucose and insulin responses (42) . In studies where viscous fibre supplements were taken in water before meals or with snacks and sweets taken after or separately from major meals (43, 44) , there was no benefit on blood glucose control. It might be explained by the effect of psyllium husk on gastric emptying. As mentioned earlier, psyllium can alter the liquid phase of gastric emptying, including water-soluble nutrients such as glucose (21) . Therefore, the initial delay in the beginning of postprandial glucose excursion could be explained by alteration in liquid phase gastric emptying.
DIT is the result of energy extended to digest, transport, metabolise and store food. It averages about 10-15 % total daily energy expenditure and varies with the metabolic fate of the ingested substrate (45) . Studies have demonstrated a decrease in DIT after consumption of a HFM (17, 18) . Scalfi et al. showed a reduction in 6 h DIT after adding 6 g glucomannan (soluble fibre) or 26 g dietary fibre to the meal in seven healthy subjects. Raben et al. found that an additional intake of 3.5 g pea fibre decreased the 6-h DIT and fat oxidation rate in ten normal-weight subjects. There is evidence to suggest that obese individuals may have a defective thermogenic response to meal ingestion when compared with lean individuals (46) . De Jonge and Bray concluded that DIT was lower in obesity, an outcome demonstrated in twenty-two of twenty-nine studies examined (47) . This difference in thermogenesis was accompanied by significant changes in both carbohydrate and fat oxidation. All the participants in the present study were overweight or obese; therefore, the reason for no changes in DIT and substrate oxidation between groups may be because of the suppressed DIT in this particular group. As shown before, the DIT percentage of food intake after the meal without fibre supplement was about 5, which represents a blunted metabolic response to food intake. Therefore, the fibre consumption in this group does not show a negative effect on DIT and fat oxidation.
Dietary fibre can alter energy intake by different mechanisms. A fibre-enriched meal is processed more slowly and nutrient absorption occurs over a longer period (48) . Furthermore, dietary fibre affects gastric distension, the rate of gastric emptying and intestinal transit time (49) . Many studies demonstrated that dietary fibre could change energy intake without an effect on hunger and satiety rate. Pasman et al. studied the effect of 1 week of fibre supplementation in the form of soluble fibre on hunger, satiety and energy intake (50) . With consumption of 40 g guar gum per d, mean daily energy intake decreased significantly from 6·7 MJ to 5·4 MJ, whereas hunger and satiety scores did not change. Heini et al. showed that consumption of soluble fibre in the form of hydrolysed guar did not change the satiety rate compared with a placebo (51) . In the present study, the hunger and satiety rates were not different after consumption of HFM compared with LFM in the short term. Therefore, further investigation is necessary to examine the effect of long-term consumption of fibre supplement on energy intake and weight control.
In conclusion, we have shown that consumption of a HFM containing dietary fibre as a single supplement, containing 12 g psyllium husk, had immediate beneficial effects on postprandial TAG and chylomicron concentrations in overweight/ obese men compared with a LFM. Studies have shown that postprandial glycaemic and insulinaemic responses have strong effects on TAG and chylomicron production and clearance (28, 52) . Interestingly, the postprandial glycaemic and insulinaemic responses did not improve after consumption of the HFM compared with the LFM. Therefore, the postprandial lipid alterations, which were observed following consumption of the HFM, may be independent of glycaemic and insulinaemic responses and could be due to changes in digestion and probably absorption rate of lipids. Collectively, these findings suggest a single dose of dietary fibre in the form of a PSY supplement can decrease arterial exposure to TAG and modify chylomicron responses in the postprandial period. 
